Introduction
The determination of glucose with biosensors has attracted much interest due to its high biological importance. The consumption of oxygen or the production of hydrogen peroxide through a catalyzed reaction of glucose oxidase (GOx) has been electrochemically monitored to determine glucose. Although the monitoring of the oxygen reduction current at a negative potential can be essentially free from electrooxidizable interference (e.g. L-ascorbic acid and uric acid), an ambiguous response was given from the increase in the reduction current upon the generation of hydrogen peroxide. A layer for discriminating oxygen or hydrogen peroxide from the electrochemical interferences is strongly desired to develop a sensing system. [1] [2] [3] [4] [5] [6] Recently, we have reported that the porous and hydrophobic properties of a poly(dimethylsiloxane) (PDMS) layer are suitable for restricting hydrophilic interferences and hydrogen peroxide, while allowing permeating gases, such as oxygen 7 and nitric oxide 8, 9 selectively. The permeability of several electroactive species through a PDMS layer on the electrode has been investigated in detail. 10 The ratio of the current response on the electrode after the PDMS coating to that before was high for gases (>10 -1 for oxygen and nitric oxide). In contrast, the ratios were very low (<10 -4 ) for hydrophilic species, such as hydrogen peroxide and L-ascorbic acid, which are typical interferants for glucose sensing. Therefore, PDMS-coated electrodes allow to detect oxygen electively without electrochemical interferences.
The immobilization of enzymes onto a PDMS-coated electrode makes it possible to prepare various enzyme sensors, such as glucose, 10 urea, 11 creatinine, 12 acetic acid, 13 L-lactate, 14 based on the detection of oxygen reduction. However, in these sensors, an enzyme layer was physically fixed on a PDMS-coated electrode, because of a difficulty to form an enzyme layer by applying conventional cross-linking chemistries on the PDMS with the hydrophobic and chemically inactive properties. Therefore, the treatment of a PDMS surface to confer hydrophilicity is a suitable approach for the preparation of an enzyme/PDMS-bilayer on the electrode surface both simply and reproducibly. Actually, a surface treatment with oxygen plasma could be applied to replacing silane (Si-Me) groups with silanol (Si-OH) groups in order to use cross-linking methods for GOx immobilization. 15 In the present work, PDMS-coated platinum electrodes modified with GOx were prepared from poly(L-lysine) (PLL, polymer backbone) and glutaraldehyde (GA, cross-linking agent). Optimization of the GOx layer by using the various concentration of PLL and GA and introducing poly(ethylene glycol) diglycidyl ether (PEG-DGE), which is effectively restricted the non-specific adsorption of proteins, 16 produced glucose-sensing electrodes with a wide detectable range, interference-free and good long-term stability. Poly(dimethylsiloxane) (PDMS)-coated platinum electrodes modified with glucose oxidase (GOx) have been prepared from poly(L-lysine) (polymer backbone), glutaraldehyde (cross-linking agent) and poly(ethylene glycol) units. To fabricate a GOx layer by applying cross-linking chemistries, the PDMS layer was treated with oxygen plasma to replace silane groups with silanol groups. Optimization for the chemical fabrication of a GOx layer resulted in a simple preparation of sensors with a wide detectable range (0.1 -6.0 mM) and without interference from hydrogen peroxide produced by a GOx reaction and the other in biological samples. 
Immobilization of Glucose

Enzyme immobilization
Platinum electrodes coated with a PDMS layer (thickness, 100 μm) and a GOx-immobilized layer were prepared by the procedure reported.
15 Figure 1 shows the procedure used to prepare a GOx-immobilized layer on a PDMS surface. After a treatment with oxygen plasma for 5 min (Type LTA-302; Yanagimoto Manufacturing, Kyoto) to replace silane groups with silanol groups, a dimethyl sulfoxide solution containing 10 mM 3-APTES (3 μL) was placed on it for 12 h so as to introduce amino groups onto the surface. After rinsing with pure water, a 0.1 M phosphate buffer solution (pH 7.0, 3 μL) containing various concentrations of GOx, PLL and GA was placed on a 3-APTES-attached PDMS surface, and was allowed to dry for 12 h at room temperature, so as to prepare a GOx/PDMS-coated electrode. PEG-DGE (90 mM, in monomer unit, n = 9) was added to the GOx/PLL/GA mixture for improving the non-specific adsorption of undesired molecules.
Glucose measurements
An electrochemical analyzer (HZ-5000; Hokuto Denko, Tokyo) was used in a three-electrode configuration for electrochemical measurements. A GOx/PDMS-coated electrode, an Ag/AgCl electrode (saturated with KCl) and a platinum wire served as the working, reference and auxiliary electrodes, respectively. For amperometric measurements to detect glucose by the GOx/PDMS-coated electrode, the potential was set at -0.4 V to reduce the oxygen. The solution being measured was vigorously stirred with a magnetic bar during the measurements.
Results and Discussion
Glucose sensing using GOx/PDMS-coated electrodes
We investigated the current responses for a GOx/PDMScoated electrode exposed to glucose. Figure 2 shows currenttime curves upon successive additions of 0.2 mM glucose for GOx/PDMS-coated electrodes prepared from buffer solutions containing 10 mg/ml GOx, 250 mM GA and the various concentrations of PLL. Glucose was added to the buffer solution after almost reaching a steady-state. The reduction currents for Figs. 2a and 2b were obtained from electrodes prepared by using 74 and 7.4 mM PLL, respectively. The currents decreased immediately after the addition of glucose, and reached another steady-state within 20 s, which indicated that oxygen in the PDMS layer was consumed by the enzyme reaction of GOx immobilized on the PDMS surface. The obtained currents decreased with increasing the glucose concentration, and depended on the concentration up to 3.0 mM (Fig. 2a ) and 1.0 mM (Fig. 2b) , respectively. The lower limits of determination (signal-to-noise ratio, 10) and the relative standard deviations for eight successive determination of 0.8 mM were 0.02 mM and 3.0% for Fig. 2a and 0.04 mM and 2.4% for Fig. 2b , respectively. In addition, there was no response upon adding hydrogen peroxide, indicating that hydrogen peroxide produced by the enzyme reaction did not permeate the PDMS layer or disturb the signal response in this experimental period. On the other hand, respectable poor performances were observed for Figs. 2c and 2d, which were obtained from electrodes prepared with 0.74 mM PLL and without PLL. The results may have been due to deactivation of the immobilized GOx by the direct cross-linking of GOx with GA, or a substantial decrease of the glucose and/or oxygen permeability through the GOx layer. Therefore, PLL has considerable promise as a polymer backbone for GOx immobilization. Moreover, the initial reduction current before adding glucose increases with increasing the PLL concentration. In our previous studies, it was found that the adsorption of proteins on the PDMS surface causes a decrease in the oxygen transport at the water/PDMS interface. 17, 18 Therefore, an increase of the PLL concentration could decrease the total amount of immobilized GOx and PLL, since GA reacts with the amino group in both GOx and PLL. Figure 3A shows calibration plots for electrodes prepared with a 10 mg/ml GOx solution containing 7.4 mM PLL and various concentrations of GA. The amperometric response signals subtracted steady-state currents before adding the glucose were plotted to be the average current responses beyond 20 s after the additions of glucose. In Fig. 3A (a) prepared with 25 mM GA, the current responses are almost proportional to the concentration of the added glucose up to 1.0 mM, and reach a plateau in the range over 1.0 mM. The decrease of the GA concentration caused a decrease of the current intensities and an increase of the detectable range for glucose. For a sensor prepared with 1.25 mM GA, a significant signal increase was observed up to 6.0 mM glucose along with an increase in the glucose concentration (Fig. 3A(c) ). However, an excessive decrease of the GA concentration (0.25 mM) caused a disadvantageous decrease in the current intensity for glucose sensing (Fig. 3A(d) ). The use of a sensor prepared with 1.25 mM GA is suitable for measuring glucose in a high concentration range compared with electrodes prepared with a high GA concentration. In addition, the lower limit for this was 0.1 mM (signal-to-noise ratio, 10). Figure 3B shows calibration plots obtained from electrodes prepared with 7.4 mM PLL and 25 mM GA containing various concentrations of GOx. A decrease of the GOx concentration also caused a similar decreasing tendency of the gradients in calibration plots.
Glucose responses for GOx/PDMS-coated electrodes prepared with various concentrations of GA
Determination of glucose in sera
No discernible current response was observed after the addition of typical electrochemical interferences (1.0 mM) existing in sera, L-ascorbic acid and uric acid. The concentration of each species added was higher than the upper limit of their physiological concentrations. Thus, the present GOx/PDMScoated electrodes are expected to be able to determine the glucose concentration in serum without a serious error caused by these interferences.
The determination of the glucose concentration in human serum was demonstrated by using GOx/PDMS-coated electrodes prepared by the same buffer solution for GOx immobilization with and without 90 mM PEG-GDE, respectively. The response for glucose on the electrode with PEG-DGE is in reasonable agreement with that on an electrode without PEG-DGE. Steadystate currents were measured in 7 -15-fold diluted human serum with the buffer solutions. The glucose concentration was determined from an electrode without PEG-DGE, and found to be 4.7 ± 0.2 mM. The result is about 11% smaller than the initial concentration in the serum, 5.3 mM, whereas the results from the electrode with PEG-DGE, 5.1 ± 0.2 mM, are in agreement with the initial concentration. Since the estimated values decreased with increasing the concentration of human serum, the lower estimation could be caused by the adsorption of proteins in serum on the GOx/PDMS layer. Therefore, it is found that the introduction of PEG-DGE in the GOx layer has a profound effect on the restriction of the undesired protein adsorption. These results clearly suggest that the present GOx/PDMS-coated electrode with PEG-DGE is especially useful for simple glucose sensing in serum. Figure 4 shows the relative current responses obtained against ANALYTICAL SCIENCES SEPTEMBER 2009, VOL. 25 1161 the number of days after preparing electrodes with and without PEG-DGE. For each electrode, the current responses for 0.8 mM glucose were recorded 3 times a day for 14 weeks. The electrodes were preserved in a buffer solution at 4 C for a series of experiments. The response for glucose obtained on an electrode without PEG-DGE gradually decreased to be ca. 60% of the initial value after 4 weeks, and then maintained this value for 4 weeks. On the other hand, the value obtained on an electrode with PEG-DGE maintained ca. 90% of the initial value even after the 14 weeks, although it also gradually decreased during the first 3 weeks. The results indicate that the introduction of PEG-DGE to prepare a GOx layer effectively affects the preservation of enzyme activity, and provides sufficient stability to a glucose-sensing unit.
Study for the long-term stability
Conclusions
GOx was immobilized on PDMS-coated electrodes by using PLL and GA to develop amperometric glucose sensors. The replacement of silane groups with silanol groups by an oxygen plasma-treatment enabled the chemical immobilization of GOx on the polymer layer by applying silanization and cross-linking chemistries both easily and reproducibly. The use of PLL for fabricating the GOx layer improved the glucose responses. Moreover, the introduction of PEG units in the GOx layer improved the response in biological samples, and the stability for long-term use. The procedure that we introduced here produced glucose-sensing electrodes with a wide detectable range, interference-free and good long-term stability. 
